Nearly half of the world's households use unprocessed biomass fuels and coal for cooking and heating (Smith et al. 2000) . This is a major source of indoor air pollution and can increase the incidence of respiratory infection in both children and adults (Chen et al. 1990; Kilabuko et al. 2007; Mishra and Retherford 1997; Sharma et al. 1998; Sumer et al. 2004) . Death due to acute respiratory infection (ARI) is the leading burden of death in the world (8.5%), especially in developing countries (9.4%) (Murray and Lopez 1996) . Acute lower respiratory tract infection (ALRI) is much more serious than upper respiratory tract infection, and pneumonia is the most serious form of ALRI.
Xuanwei County is well known for its high incidence of lung cancer, attributed mainly to the wide use of smoky coal mined locally and the use of unvented fire-pit stoves (Mumford et al. 1987) . It accounts for more than 90% of lung cancer cases for both men and women (He and Yang 1994) .
To control the high incidence of lung cancer, the Xuanwei County government implemented a program in the late 1970s to change the traditional unvented fire-pit stove to a stove with chimney to improve ventilation and reduce exposures. To quantitatively assess the effect of coal use and stove improvement on morbidity and mortality in adults, we conducted a retrospective cohort study in Xuanwei County from 1992 to 1996. We previously reported that the installation of chimneys was strongly associated with reduced risk of incident lung cancer and chronic obstructive pulmonary disease (COPD) (Chapman et al. 2005; Lan et al. 2002) . Previous studies suggested indoor and outdoor air pollution may increase the morbidity and mortality of childhood pneumonia (Chen et al. 1990; Dherani et al. 2008; Nyberg and Pershagen 2000; Smith et al. 2000) . However, the association between indoor air pollution due to coal use and pneumonia mortality in adults has not been reported in a case-control or cohort study. Here we report the analysis of the role of household fuel use, stove improvement, and occupational exposures on pneumonia mortality in this cohort.
Materials and Methods
Cohort study design and data collection. In 1992, we searched local administrative records to identify all farmers born from 1917 through 1951 and living in four of Xuanwei's communes (Rong Cheng, Lai Bin, Jing Wai, and Re Shui) as of 1 January 1976. In total, we identified 44,580 records. A total of 42,422 farmers were available for study after excluding 2,108 subjects who had moved out of the study area and 50 subjects with insufficient information for analysis.
In three of the four communes, most residents used smoky coal (mainly from Lai Bin). In the other commune, most residents used smokeless coal (mainly from Re Shui). In Xuanwei, smoky and smokeless coals correspond to bituminous coal and anthracite, respectively. The terms "smoky" and "smokeless" coal have been used in many published reports from studies in this area (Chapman et al. 2005; Lan et al. 2002; Mumford et al. 1987) , and the use of these terms has been broadly accepted. The coal in this region likely has distinct characteristics, which are still being evaluated, so we use the terms "smoky" and "smokeless" coal here in the context of Xuanwei. (He and Yang 1994; Mumford et al. 1987) .
In 1992, trained interviewers administered a standardized questionnaire for all cohort members. They interviewed subjects directly, when feasible, or surrogate respondents for subjects deceased or not present (41%). This study was approved by the Institutional Review Board of the Chinese Academy of Preventive Medicine. Interviewers obtained written informed consent from all literate questionnaire respondents and verbal consent from others. The questionnaire elicited information on demographic factors, residential history, lifetime use of household stove and fuel type, occupational history, tobacco smoking, cooking food, time spent indoors and outdoors, and medical history. The questionnaire interview typically took about 40 min.
We identified deaths among these subjects from 1976 through 1996 using information from hospitals, local public security bureaus, and local public health bureaus. All cohort members lived within 10-12 miles of one of the four large hospitals in Xuanwei. We also searched records of the Qujing District Hospital (Qujing is the administrative region that includes Xuanwei County) and the Yunnan Province Hospital to identify patients who died outside Xuanwei. The diagnosis of pneumonia during the time period of cohort follow-up was based primarily on symptoms, clinical exam, and a chest X-ray. Empirical treatment with antibiotics was used in general. We excluded tuberculosis and COPD when pneumonia was diagnosed as the cause of death. If a patient died from pneumonia, a physician completed a death certificate, which is how death from pneumonia in Xuanwei is documented. A death certificate is required for official documentation in hospitals, public security bureaus, and public health bureaus. Information abstracted from the death records included name, sex, date of birth, residence, date of death, and cause of death. We used name, sex, date of birth, and residence information to identify unique study subjects in the cohort. We included a total of 787,814 person-years during follow-up, with an average of 18.6 person-years per subject. We coded the cause of death using the International Classification of Diseases, 9th Revision (ICD-9; World Health Organization 1975) .
Statistical analysis. We included 42,422 subjects (21,701 men and 20,721 women) in the analysis. For each subject, we calculated the age at entry into cohort follow-up as the number of years from the subject's birth date to 1 January 1976. After entry, subjects could exit from follow-up in one of the following three ways: death from pneumonia, death from other causes before the study ended in 1996, or living as of 31 December 1996. Ages at entry into and at exit from follow-up ranged from 24 to 59 years and from 25 to 80 years, respectively.
In this report, the term "stove improvement" refers to changing permanently from fire-pit or stove without a chimney to stove with a chimney. We constructed multivariable Cox models using the SAS PHREG procedure (version 9.1.3; SAS Institute Inc., Cary, NC, USA) to estimate hazard ratios (HRs) and 95% confidence intervals (CIs). The time variable (time axis) was age, starting with age as of 1 January 1976 and ending with age at exit from follow-up. The outcome event was death from pneumonia (ICD-9 codes 480, 481, 482, 483, 485, and 486) . We considered individuals who died from other causes before the study ended in 1996, or who remained alive as of 31 December 1996, as censored (competing-risks approach). In the models, we assessed the effects of coal use, stove improvement, years of smoking, and years of cooking as time-dependent continuous or categorical variables based on the starting age for each of these activities. To adjust for potential birth cohort effects, models were stratified into seven birth cohort strata: 1917-1921, 1922-1926, 1927-1931, 1932-1936, 1937-1941, 1942-1946, and 1947-1951. We analyzed the data in four Cox models: two separate models for men and women, and two separate models for smoky coal and smokeless coal users. Nearly all subjects used either smoky or smokeless coal, so we included only the variable "use of smokeless coal" (yes or no) in the sex-specific models. We calculated the time-dependent variables tonnage per year and duration in years for all coals combined and for smoky coal and smokeless coal separately, categorized into tertiles. We used two time-dependent variables for stove improvement: a binary variable for the overall effect of stove improvement (0 before and 1 after the age at stove improvement) and a categorical variable indicating time since stove improvement (0-6, 7-13, ≥ 14 years). We analyzed the time-dependent variable for duration of tobacco smoking (20-40 years or ≥ 40 years), relative to a reference category of subjects who had not smoked or smoked < 20 years, in the men's model. We used another time-dependent binary variable of tobacco smoking in coal type-specific models, which switched from 0 to 1 at the age at first smoking. Similarly, we used a time-dependent binary variable for cooking (yes/no) in the men's model and coal type-specific models; we included two time-dependent variables for different durations (20-40 years or ≥ 40 years) of cooking food, relative to a reference category of subjects who had not cooked food or cooked for < 20 years, in the women's model.
In addition to the variables mentioned above, we included the following variables in the Cox models: a) sex in the coal typespecific models; b) having any education, to adjust for socioeconomic status; c) average number of rooms in the home over the lifetime, to adjust for socioeconomic status and for potential effects of coal smoke dilution in the home; d) average number of people in the home over the lifetime, to adjust for crowding pattern; e) spending ≥ 7 daily waking hours indoors through 20 years of age, to adjust for elevated exposure to indoor coal smoke early in life; f) reporting diagnosed chronic bronchitis, emphysema, or asthma (often observed to be pneumonia risk factors); and g) a dummy variable for ever being a coal miner in the men's model (originally, occupational history also included being a driver or a construction worker, but no pneumonia deaths occurred among these groups). Table 1 shows characteristics of the 42,422 subjects included in data analyses. Most people used either smoky coal or smokeless coal as the major fuel type during their lifetime. Only 336 subjects ever used both smoky coal and smokeless coal, and 263 subjects used neither of them.
Results
Lung cancer was the major cause of death with 2,459 deaths during follow-up. There were 225 deaths from pneumonia. The lung cancer mortality rates in the smoky coalusing communes were about 17 times higher in men and 39 times higher in women compared with national rates in China (Mumford et al. 1987) . This is the region where we established our smoky coal-using cohort. As a consequence, the ratio of mortality from lung cancer to mortality from pneumonia is far higher in men and women in this region than in other parts of China and in the world.
The mean age at death due to pneumonia was 63.2 years. When the follow-up ended in 1996, 32,332 (76%) subjects were alive. Ageadjusted mortality rates of pneumonia were higher in smokeless coal users (43.8 vs. 27.8 per 100,000) and among people who had not improved their stove (48.9 vs. 22.4 per 100,000). Survival rates were lower among smoky coal users compared with smokeless coal users (74% vs. 81%) and among people living in houses without chimneys than among those in houses with chimneys (70% vs. 80%).
About half of men (46%), but only 23% of women, had some education. About 5% and 6% of men had been coal miners and construction workers, respectively. More people who used smoky coal and experienced stove improvement had a nonfarming job.
Men spent less time in the home than did women. About 10% of subjects had been diagnosed with chronic bronchitis, asthma, or emphysema. Most men (92%) had smoked, and few had quit; few women smoked (< 1%). Almost all women (98%) cooked food for the family from early in life, and only 8% of men ever cooked.
Seventy percent of people used smoky coal. Most families burned about 3 tons of coal each year. Around 60% of families improved stoves with chimneys before follow-up ended. More people using smoky coal improved their stoves than did people using smokeless coal (75% vs. 19%) because the government sponsored a stove improvement campaign in smoky coal-using areas in the 1970s to control the epidemic of lung cancer. Table 2 summarizes the Cox regression models for pneumonia mortality in men and women. Stove improvement was an important protective factor (HR: men, 0.493; 95% CI, 0.312-0.779; women, 0.534; 95% CI, 0.323-0.882). When we categorized duration of stove improvement, the protection was comparable across different periods among men but weaker among women with longer duration (HRs of 0.243, 0.513, and 1.053, respectively). However, we found no statistical interaction between stove improvement and sex. Using smokeless coal was associated with a 50% higher risk of pneumonia death in both men and women. When we combined men and women in one model, the association was highly significant (HR for using smokeless coal, 1.580; 95% CI, 1.147-2.174; p = 0.005) (data not shown). The annual tonnage of coal used and the duration of coal use in years were associated with significantly increased risk at the highest tertiles. The HRs for tonnage and duration of coal use were a bit larger among women than among men. The number of people in the home was associated with a borderline increase of risk of pneumonia death in women (HR, 1.180; 95% CI, 0.994-1.401). History of nonmalignant pulmonary diseases was a major risk factor for pneumonia death (HR: men, 2.009; 95% CI, 1.316-3.066; women, 2.126; 95% CI, 1.347-3.356). Smoking for ≥ 40 years among men and cooking for ≥ 20 years among women were associated with a nonsignificantly increased risk of pneumonia death. Educational attainment was associated with a reduced risk of pneumonia death in men only (HR, 0.502; 95% CI, 0.287-0.876).
In the model for smoky coal users (Table 3) , the protective role of stove improvement was strong (HR, 0.521; 95% CI, 0.340-0.798). The highest categories of annual smoky coal use and duration were associated with approximately 2-fold (HR, 1.802; 95% CI, 1.089-2.982) and 39.5 ± 10.6 39.0 ± 10.6 38.9 ± 10.5 39.9 ± 10.8 38.4 ± 10.2 40.4 ± 11.0 39.2 ± 10.6 Age at exit from follow-up (mean ± SD) 58.0 ± 9.8 57.6 ± 9.7 57.3 ± 9.6 59.0 ± 10.0 57.8 ± 9.5 57.9 ± 10.1 57.8 ± 9.8 Pneumonia death, 1976 Pneumonia death, -1996 (HR, 3.098; 95% CI, ) risks of pneumonia death, respectively. We found no clear difference in amount of protection according to different periods of time after stove improvement. The number of rooms and number of people in the home were associated with altered risk of pneumonia death (HR: for every additional room, 0.618; 95% CI, 0.437-0.872; for every additional person, 1.334; 95% CI, 1.132-1.573). Finally, people with any education had lower risk of pneumonia death than did people without education (HR, 0.452; 95% CI, 0.231-0.882).
In the model for smokeless coal users (Table 3 ), higher annual coal consumption (HR for ≥ 3.3 vs. < 3 tons, 1.671; 95% CI, 0.984-2.837) and longer duration of use (HR: for 43 to 56 vs. < 43 years, 3.210; 95% CI, 1.213-8.490; for ≥ 56 vs. < 43 years, 2.613; 95% CI, 1.178-5.798) were significantly associated with higher risk of death from pneumonia. The protective role of stove improvement was strong (HR, 0.449; 95% CI, 0.215-0.937). Nonmalignant pulmonary disease history was associated with a large increased risk of pneumonia death only in smokeless coal users (HR, 3.660; 95% CI, 2.449-5.471). In addition, staying at home for a longer time was associated with an elevated risk of death from pneumonia (HR for ≥ 7 hr/day vs. < 7 hr, 1.524; 95% CI, 1.010-2.298).
Discussion
In the analysis, we found that use of coal, especially smokeless coal, and stove improvement that decreases coal smoke level indoors were important risk and protective factors, respectively, for pneumonia death in Xuanwei.
The fatality rate of pneumonia would be very high if patients were not treated immediately with antibiotics, which often occurred in rural areas of China. Many studies have found that solid fuel use was associated with high incidence of ARIs in children (Mahalanabis et al. 2002; Smith et al. 2000) . Smith et al. (2000) reviewed studies conducted in developing countries about effects of indoor air pollution on ALRI, including pneumonia in children, and concluded that indoor air pollutants were associated with increased risk of ALRI. Many investigators also reported that air pollution levels, due to coal burning or other urban air pollutants, were positively associated with the hospital emergency visits for pneumonia (Fusco et al. 2001; Ozdilek 2006; Peel et al. 2005; Wong et al. 1999) . Our study provides evidence for the first time that indoor air pollution due to solid fuel burning increases pneumonia deaths in adults. It also raises suspicion that indoor coal burning is associated with pneumonia risk in children.
Coal smoke contains many chemicals (e.g., nitrogen oxides, sulfur oxides, ozone, carbon monoxide) and particles that irritate respiratory tracts and lung, adversely affect the host's defense systems against pathogens, and elevate the risk of respiratory tract infections (Smith et al. 2000) . Coal smoke may also increase the severity of respiratory infections by causing inflammation in pulmonary airways (American Thoracic Society 1996) . Because of the long-term high indoor air pollution pattern in Xuanwei, the prevalence of chronic respiratory tract inflammation is thought to be high because of the high incidence of COPD (Zhou et al. 1995) . Consequently, pneumonia could plausibly lead to a more severe outcome (i.e., death).
Our analysis demonstrated that stove improvement benefits not only lung cancer and COPD (Chapman et al. 2005; Lan et al. 2002) , but also pneumonia (present results). It provides similar health benefits in homes using either smoky coal or smokeless coal. This effect would have remained statistically significant even if there had been a large unadjusted design effect in the data. In an intervention study in smoky coal users in this region, using an improved stove reduced the levels of sulfur dioxide from 0.32 to 0.02 mg/m 3 and total suspended particulate matter (PM) from 5.64 to 1.21 mg/m 3 , based on a 5-day measurement (He and Yang 1994) . In 1995, an indoor air pollution study simulated pollutant concentrations in the homes of a small group of cohort members with and without stove improvement to assess changes in pollutant concentrations. Average concentrations of particulate matter with aerodynamic diameter ≤ 10 µm (PM 10 ) with unvented burning of coal were almost three times higher than for burning with open chimneys (2.08 vs. 0.71 mg/m 3 ) (Lan et al. 2002) . In addition, a small study in two homes of smokeless coal users showed a nonsignificant mean (± SD) decrease of PM 10 from 0.76 ± 0.30 to 0.62 ± 0.17 mg/ m 3 after stove improvement (Tian L, unpublished data) . Another study in Burkina Faso (Africa) found that good ventilation conditions considerably reduced the fraction of child ARI attributable to smoke from biomass solid fuel (Akunne et al. 2006 ). Ezzati and Kammen (2001) reported that exposure to PM 10 particulates was associated with ARI proportionally in people who burned biomass fuel. We found that, among women, protection was stronger soon after stove improvement and vanished in later periods. This may be attributable to decreased effectiveness of ventilation with passage of time after improvement. Our researchers observed that some families could not maintain the stove in good condition. However, we did not find a significant interaction between stove improvement and sex. Such heterogeneity of risk reduction between sexes may be due to statistical variation.
Unlike lung cancer, for which smoky coal use was the dominant risk factor (Mumford et al. 1987) , in the present study the smokeless coal was associated with a higher risk of pneumonia death than smoky coal. The nitrogen content of these coals is not known. However, smokeless coal contains more sulfur than does smoky coal (He and Yang 1994; Mumford et al. 1987) . Therefore, burning smokeless coal likely generated more airborne sulfur oxides, which have been identified as risk factors for pneumonia (American Thoracic Society 1996; Oehme et al. 1996) .
Coal emissions have additional components that can irritate the respiratory system and plausibly increase the risk of pneumonia death, including ozone, inhalable particles, heavy metals, and dioxins. We found the HRs were proportional to the amount and the duration of coal used per family for both smoky coal and smokeless coal. The observed exposure-response associations lend weight to causal inference.
Occurrence of chronic nonmalignant pulmonary diseases, an acknowledged risk factor for pneumonia, was a strong risk factor for pneumonia death in smokeless coal users. The occurrence of these pulmonary diseases increased in Xuanwei because of indoor air pollution (Chapman et al. 2005) . It also may be on the causal pathway from coal use to pneumonia death. Therefore, the model may be overadjusted somewhat. However, such overadjustment had no substantial impact on the modeled HRs and CIs for coal-related variables compared with models excluding these variables. In addition, after excluding the subjects with a history of COPD or tuberculosis, the effects of stove improvement and coal use remained unchanged.
We found a nonsignificant effect for smoking among men and for cooking among women on pneumonia mortality in Xuanwei, which may reflect the strong effect of coal use, as previously observed for lung cancer (He and Yang 1994) . It may also be attributable to the small case number and the consequent limited power to detect associations in our study. Power to test associations of occupation with pneumonia risk was also limited.
Compared with previous reports from this cohort study (Chapman et al. 2005; Lan et al. 2002) , the present analysis included a commune where most people used smokeless coal. Such inclusion made it possible to compare the effect of different coals on pneumonia risk. One limitation of the study is the lack of detailed exposure assessment data for households before and after stove improvement using smoky coal or smokeless coal, even though a few small-scale studies in this area provided some basic data (He and Yang 1994) . Lack of detailed exposure assessment limits comparability of our study with other studies. We are conducting an extensive exposure assessment study in this area to explore the pollution of different coals in different settings, which includes long-term stationary and personal exposure assessment and detailed measurement of different exposures. Those results will be available at a later date; the results in the present stand alone and are important for understanding the risk of pneumonia. The exposure assessment study, once complete, will further inform the interpretation of results reported in the present article.
There is a possibility of misclassification of the diagnosis of pneumonia with other respiratory diseases (e.g., tuberculosis, bronchitis). In addition, we cannot exclude the possibility that some pneumonia cases may also have had undiagnosed lung cancer. However, pneumonia diagnosis was made by government hospitals and was mainly based on symptoms, clinical exam, and a chest X-ray. Doctors throughout Xuanwei County used the same procedures and criteria to diagnose pneumonia and document cause of death. If there is some minimal error in the diagnosis of pneumonia in this population, it is highly unlikely that the error would be related to whether or not a patient had a home with or without improved ventilation. Thus any error in diagnosis would not be expected to inflate the effect of improved ventilation.
In conclusion, our results strongly support the hypothesis that unvented household coal burning is an important risk factor for pneumonia death in adults. Stove improvement was followed by reduced risk of death from pneumonia in coal users. Indoor air pollution due to solid fuel burning is a serious health hazard in developing countries. Coal smoke exposure is associated with multiple medical conditions, mainly lung-related diseases. The population at risk for illness mediated by indoor air pollution numbers billions worldwide (World Health Organization 1997). There were 1.6 million of excess deaths due to indoor air pollution (Smith et al. 2004) . If possible, cleaner fuel including processed solid fuels shall be used to reduce generation of airborne pollutants. Also, installation of chimneys and other measures should be implemented to improve ventilation and thereby reduce indoor pollution levels and risk of adverse health outcomes.
